Populations of the cyanobacterium Planktothrix comprise multiple coexisting oligopeptide chemotypes that can behave differently in nature. We tested whether this population subdivision can, in principle, be driven by parasitic chytrid fungi, which are almost neglected agents of Planktothrix mortality. Two chytrid strains, Chy-Lys2009 and Chy-Kol2008, were isolated from Planktothrix-dominated lakes in Norway. The two strains shared 98.2% and 86.2% of their 28S and internal transcribe spacer rRNA gene sequences, respectively. A phylogenetic analysis placed them in the order Rhizophydiales family Angulomycetaceae. Chy-Lys2009 and Chy-Kol2008 could completely lyse Planktothrix cultures within days, while they failed to infect other filamentous cyanobacteria. The effect on Planktothrix was chemotype dependent, and both chytrid strains showed distinct chemotype preferences. These findings identify chytrid fungi infecting Planktothrix as highly potent and specialized parasites which may exert strong selective pressure on their hosts. According to established hypotheses on host-parasite coevolution, parasitism with the above properties may result in subdivision of Planktothrix populations into coexisting chemotypes and periodic shifts in the relative Planktothrix chemotype composition. These predictions are in agreement with field observations. Moreover, a genetic analysis verified the co-occurrence of Chy-Lys2009 and Chy-Kol2008 or related chytrid strains along with distinct Planktothrix chemotypes in at least one water body. Our findings are consistent with a scenario where chytrid parasitism is one driving force of Planktothrix population subdivision, which in turn leads to polymorphism in parasitic chytrid fungi. Future studies should test the validity of this scenario under field conditions.
The coexistence of conspecific lineages within a given population is a common trait in many microorganisms. In cyanobacteria, such population subdivision is not well understood. Specifically, the mechanisms that cause cyanobacteria to differentiate or to maintain homogeneity are far from established. Population subdivision is best studied in the picocyanobacteria Synechococcus and Prochlorococcus (4, 21, 32) , which show niche partitioning among ecotypes, thought to occur at a comparatively low level of 16S rRNA gene sequence similarity (95 to 97%). The coexistence of genetically distinct lineages was also found in populations of more complex cyanobacteria (3, 14, 25) . Most authors proposed abiotic factors as the driving force of cyanobacterial subpopulation evolution and dynamics.
Recently, we reported population subdivision in the filamentous freshwater cyanobacterium Planktothrix at a level of Ͼ99% 16S rRNA gene sequence similarity (35, 36) . Due to differences in rates of occurrence and sequences of genes encoding nonribosomal and ribosomal oligopeptide synthesis, strains of Planktothrix may posses distinct cellular patterns of oligopeptides (38, 49) . This allows delimitation of oligopeptide chemotypes, henceforth referred to as chemotypes. A field study in Norwegian Lake Steinsfjorden identified four coexisting Planktothrix chemotypes that differed considerably in seasonal dynamics, depth distribution, and participation in loss processes (35) . Shifts in the relative chemotype composition occurred periodically and started with a significant loss of biomass of one chemotype, followed by the growth of others. There was no correlation between temperature or the availability of light, the amount of phosphorus or nitrogen, and the relative chemotype composition of the local Planktothrix population. A second study identified the same chemotypes in six Norwegian and two Finnish lakes of vastly dissimilar nutrient loadings and morphologies (36) , implying once again that the chemotype composition of Planktothrix populations is not controlled by abiotic conditions. On the basis of the above findings, we proposed a top-down approach to explain chemotype evolution and dynamics; i.e., we suggested that chemotypes are functional groups that form in response to and that are controlled by biotic factors causing loss of Planktothrix biomass rather than abiotic factors controlling its growth (36) .
A follow-up on this hypothesis appears to be worthwhile in several respects. Oligopeptides and chemotypes occur throughout the phylum of cyanobacteria (49) . Knowledge on Planktothrix chemotype evolution and dynamics may therefore be generalizable and may provide insights into the yet unknown function of cyanobacterial oligopeptide production. Studies on cyanobacterial population subdivision often focus on abiotic conditions, although ecological considerations call for a broader view (42) . The well-defined Planktothrix chemotypes provide a promising model for investigating the role of biotic loss processes in cyanobacterial population subdivision. The formation of long filaments largely protects Planktothrix against generalist grazers (29) . The implications of biotic factors for cyanobacterial population subdivision can therefore be studied in a simple setting where only a limited number of specialized grazers and parasites play a role.
One group of specialized parasites, the parasitic chytrid fungi, is commonly believed to inflict significant mortality on numerous types of organisms, including Planktothrix (8, 13, 40) , but is nevertheless virtually overlooked by present-day research on cyanobacterial ecology. The parasitic potency of chytrid fungi is proven most impressively by the disease chytridiomycosis, which threatens amphibian diversity at a global scale (15) . Early studies on chytrid-cyanobacteria interrelations suggested that chytrid fungi have narrow host ranges, usually encompassing only one or a few related species, and that there is a chytrid to most if not all cyanobacteria (41) . In nature, chytrid infection of cyanobacteria is considered omnipresent (33) .
Chytrid fungi form zoospores that employ a flagellum and probably chemotaxis to find their hosts (17) . In the case of chytrid fungi infecting Planktothrix, the zoospore encysts at the surface of a suitable host and penetrates it and the walls between neighboring cells of the same filament by forming a rhizoid of up to 150 g in length (8) . Host cells are digested by release of extracellular enzymes from the rhizoid (17), most likely including serine proteases of the trypsin and chymotrypsin types (44) . Later, a sporangium is formed, in which new zoospores are produced.
The way in which chytrid fungi live suggests a link between Planktothrix chemotype performance in nature and chytrid parasitism. Many of the more than 600 known oligopeptides produced by cyanobacteria and used here to define Planktothrix chemotypes are potent inhibitors of serine proteases, such as chymotrypsin and trypsin (37) , and may therefore interfere with proteases released by chytrid fungi during rhizoid formation and growth. Other oligopeptides are potentially toxic to eukaryotes in general (9) . Such compounds may suppress chytrid infection at almost any stage. Due to distinct cellular oligopeptide patterns of Planktothrix chemotypes, the outcome of chytrid parasitism may well be chemotype dependent, which would provide a possible explanation for the distinct behavior of Planktothrix chemotypes in nature. Furthermore, the subdivision of Planktothrix populations into chemotypes may be a consequence of coevolution between Planktothrix and parasitic chytrid fungi.
Here we provide a laboratory test of whether chytrid parasitism can, in principle, be a driving force of Planktothrix population subdivision into chemotypes and chemotype dynamics. We test whether (i) chytrid parasitism is chemotype dependent, (ii) the parasitic potency of chytrid fungi is strong enough to exert significant selective pressure at the chemotype level, (iii) chytrid fungi can differ in their chemotype preferences, (iv) chytrid fungi have a host range that is narrow enough to result in coevolution with Planktothrix only, and (v) chytrid fungi with different chemotype preferences coexist in nature.
MATERIALS AND METHODS
Planktothrix chemotypes, their origin, and culture conditions. A detailed overview of the Planktothrix strains that were considered in this study and their properties is given in Fig. 1 . The strains represented four chemotypes that coexisted in lakes throughout southeastern Norway and probably other areas in Scandinavia and Finland (36) and that showed distinct behavior in the field (35) . To reflect the wide distribution of the four chemotypes, Planktothrix strains from nine lakes in southeastern Norway and Finland were considered. To retain consistency, the chemotype designation of the present report follows that of Rohrlack and coworkers (36); i.e., the chemotypes are henceforth referred to as Cht1, Cht5, Cht7, and Cht9. Cht7 is further subdivided into Cht7a to Cht7e, to reflect minor variations in cellular oligopeptide patterns (Fig. 1) .
The Planktothrix sp. strains were grown in nonaxenic batch cultures using Z8 medium (24) . The cultures were maintained in 50-ml glass flasks at 17°C. Light at a photon flux density of 3 to 5 mol m Ϫ2 s Ϫ1 was supplied by warm-white fluorescent tubes at a light-dark cycle of 12 h/12 h. Subcultures used to isolate and maintain chytrid fungi or to run infection experiments were taken at the late logarithmic growth phase. At that stage, the optical densities of cultures measured at 800 nm exceeded 0.1.
According to current taxonomy (43) , the Planktothrix strains of the present study belonged to two species, Planktothrix rubescens and Planktothrix agardhii, which are distinguishable by the presence of the accessory pigment phycoerythrin in P. rubescens and the resulting red color of its filaments. However, a 16S rRNA sequence similarity of Ͼ99% and considerable overlap in fatty acid composition, morphology (43) , multiple genetic markers (20) , oligopeptide chemotypes, and ecology (35) contradict the taxonomic discrimination of P. rubescens and P. agardhii. Here, we therefore treat the two groups to be conspecific and refer to them as Planktothrix sp.
Isolation and maintenance of chytrid fungi. In July 2008, a field sample with a high density of Planktothrix sp. strains showing some chytrid infection was taken from Lake Kolbotnvatnet (southeastern Norway). It was kept at room temperature until infection had reached its peak. Then a small amount of this sample was transferred to a dense Planktothrix sp. NIVA-CYA98 culture, which after 2 weeks was used to infect a fresh host culture and so on. After several cycles, the chytrid strain Chy-Kol2008 was established by inoculating a fresh host culture with a single host filament bearing only one undehisced chytrid sporangium. The same approach was used to isolate the second chytrid strain, Chy-Lys2009, from Lake Lyseren (southeastern Norway) with Planktothrix sp. NIVA-CYA634 as the host. This was done using an environmental sample that was taken in June 2009.
Chy-Kol2008 and Chy-Lys2009 were maintained using cultures of Planktothrix sp. strains NIVA-CYA98 and NIVA-CYA634 as hosts, respectively, in 50-ml culture vessels at 20°C. Continuous light at a photon flux density of 3 to 5 mol m Ϫ2 s Ϫ1 was supplied by warm-white fluorescent tubes. Fresh host cultures were inoculated when the infection had peaked.
Suspensions of zoospores to be used for DNA extraction and in infection experiments were prepared by filtering severely infected host cultures through 10-m-pore-size gauze. The filtrate was inspected microscopically to ensure the viability of the zoospores. Their density was determined by a light microscope using a blood cell counting chamber and a sample fixed with Lugol's solution. All suspensions used in experiments contained Ͼ2 ϫ 10 5 zoospores per milliliter. Characterization of chytrid strains Chy-Kol2008 and Chy-Lys2009. The different stages of chytrid infection were studied by light microscopy during routine chytrid culture maintenance with Planktothrix sp. strains NIVA-CYA98 and NIVA-CYA634 as hosts. In addition, sequence information for parts of the rRNA operon, the internal transcribed spacers (ITSs), and a part of the 28S gene was used to phylogenetically compare Chy-Kol2008 and Chy-Lys2009 with each other and with other related members of the class Chytridiomycetes for which sequences were available from public databases. DNA was extracted from infected host biomass and zoospore suspensions using a MoleStrips DNA tissue kit (Mole Genetics, Oslo, Norway). PCR was performed using the primers ITS5 (50) and ITS4Chytrid (28) ) and a final extension step (68°C for 2 min). The PCR products were sequenced both ways on a 3730XL genetic analyzer (ABI, Carlsbad, CA), using a BigDye Terminator (version 3.1) cycle sequencing kit.
The sequences of Chy-Kol2008 and Chy-Lys2009 were aligned with similar sequences identified by a BLAST search. Separate alignments were made for each of the gene regions using the automatic function in the MAFFT program (23) and were manually inspected in BioEdit (version 7.0.9) software (18) . The phylogeny was estimated using the neighbor-joining method in the software MEGA (version 4) (45) and applying 2,000 bootstrap resamplings.
Infection experiments with Planktothrix sp. strains The effect of chytrid strains Chy-Kol2008 and Chy-Lys2009 on 35 Planktothrix sp. strains representing chemotypes Cht1, Cht5, Cht7a to Cht7e, and Cht9 was studied. The experiments were run in 48-well microtiter plates by mixing in each case 1 ml Planktothrix sp. suspension with 0.1 ml zoospore suspension. The tests were run in triplicate for VOL. 77, 2011 IMPLICATIONS OF CHYTRID PARASITISM FOR PLANKTOTHRIX 1345
all Planktothrix sp. and chytrid strains. The microtiter plates were kept at 20°C and under continuous light at a photon flux density of 3 to 5 mol m Ϫ2 s Ϫ1 for 7 days. Then the severity of chytrid infection was quantified by light microscopic inspection at ϫ120 magnification, according to the following scale: 0, no sporangia, no active zoospores; 1, up to 10% of host filaments with sporangia, active zoospores present; 2, 10 to 50% of host filaments with sporangia, active zoospores present; 3, 50 to 90% of host filaments with sporangia, active zoospores present; 4, 90 to 100% of host filaments with sporangia, active zoospores present; 5, final stage of infection, with most host filaments disintegrated, numerous sporangia visible, and active zoospores present or absent. Note that since the average survival time of zoospores was about 1 day, their absence at day 7 of an experiment may indicate resistance of the Planktothrix sp. or an infection that peaked days before. The microscopic analysis did not distinguish between dehisced and undehisced sporangia.
Infection experiments with cyanobacteria other than Planktothrix sp. To test whether the host range of chytrid strains Chy-Kol2008 and Chy-Lys2009 extended beyond Planktothrix sp., their effect on 28 strains representing 15 Anabaena, Aphanizomenon, and Tychonema species was investigated. Only species that resemble Planktothrix sp. in morphology and that can coexist with Planktothrix sp. in the plankton of European lakes were selected. A detailed overview is given in Table 1 . The cyanobacteria were cultured and the infection experiments were run as described above for Planktothrix sp. Planktothrix sp. strains NIVA-CYA98 and NIVA-CYA634 served as positive controls.
Test for co-occurrence of chytrid fungi with distinct chemotype preferences in nature. A co-occurrence of parasitic chytrid fungi with dissimilar Planktothrix sp. chemotype preferences would be of importance in several respects. It would indicate that chytrid parasitism can cause recurring shifts in the relative chemotype composition of Planktothrix sp. populations. It would also be an indication FIG. 1. Properties of Planktothrix sp. strains that were used in this study. Shown for each strain are its chemotype affiliation, its identification number in the NIVA culture collection, when and from which water body it was isolated, if it contained the pigment phycoerythrin, and its cellular oligopeptide composition. For each oligopeptide, the name and its molecular mass (in daltons, in parentheses) are given. The oligopeptides are sorted by structural class. Mcyst, microcystin. Strains with phycoerythrin correspond to P. rubescens, and those without the pigment correspond to P. agardhii. Lakes Långsjön and Vesijärvi are situated in Finland. All other lakes are situated in southeastern Norway. All data are taken from Rohrlack and coworkers (36) .
1346
SØNSTEBØ AND ROHRLACK APPL. ENVIRON. MICROBIOL.
on June 27, 2017 by guest http://aem.asm.org/ that the subdivision of Planktothrix sp. populations into chemotypes exerts diversifying selective pressure on parasitic chytrid fungi. We used freeze-dried historic samples from Norwegian Lake Steinsfjorden to test whether strains Chy-Kol2008 and Chy-Lys2009 or closely related strains co-occurred in nature. The samples were collected by use of a plankton net between 1997 and 1999, a period with massive blooms of Planktothrix sp. The presence of Cht1, Cht5, and Cht9 during this period was proven by isolation and analysis of Planktothrix sp. strains (Fig. 1) . DNA was extracted from about 2 mg of each sample using a MoleStrips DNA tissue kit (Mole Genetics). The presence of the Chy-Kol2008 and Chy-Lys2009 ITS genotypes was verified by quantitative PCR (qPCR) with an ABI 7500 real-time PCR system, and amplification was detected using a Mesa Blue qPCR kit for SYBR assay (Eurogentec, Liege, Belgium). Specific PCR primers were designed on the basis of the highly variable ITS region, where sufficient variation was found to clearly discriminate between Chy-Kol2008 and Chy-Lys2009 and other sequences in the NCBI database. The primers and sequences were as follows: for Chy-Kol2008, primers Chy_KolF (AACTTTAG AGTAACAGCGATA) and Chy_KolR (GGTGTAACAGCCTGAAAT), and for Chy-Lys2009, primers Chy_LysF (AGTGTGAAAGGGAGTTGATATAG) and Chy_LysR (GGGACTGATGTTTGGTTGA). Statistics. On the basis of infection data for 35 Planktothrix sp. strains and both chytrid strains, a Euclidian distance matrix was created. A second distance matrix was calculated on the basis of oligopeptide occurrence in Planktothrix sp. Mantel's test was used to check whether the two matrixes were significantly correlated, i.e., whether chytrid infection was chemotype dependent. The Mantel test was repeated for individual oligopeptide groups (aeruginosins, anabaenopeptins, cyanopeptolins, microcystins, microviridins, oscillaginins, and oscillatorin). To compare the host preferences of Chy-Kol2008 and Chy-Lys2009, their capacity to infect 35 Planktothrix sp. strains was used to calculate individual Euclidian distance matrixes. These were compared by Mantel's test. A significant correlation would indicate identical or similar host preferences. Distance matrixes were calculated and Mantel tests were performed using the program GenAlEx (version 6.4) (31). The outcome of infection experiments with cyanobacteria other than Planktothrix sp. made it unnecessary to run a statistical analysis.
Nucleotide sequence accession numbers. All organisms of the present study were deposited at the Norwegian Institute for Water Research (NIVA) Culture Collection of Cyanobacteria and Algae. The DNA sequences of chytrid strains Chy-Kol2008 and Chy-Lys2009 were deposited in the EMBL database under accession numbers FR670787 and FR670788, respectively.
RESULTS

Chytrid morphology and course of infection revealed by light microscopy during routine chytrid culture maintenance.
Strains Chy-Kol2008 and Chy-Lys2009 had identical morphologies and infection patterns that were in agreement with those described by Canter and Lund (8) for Rhizophidium megarrhizum (see Fig. S1 in the supplemental material). Zoospores encysted on the apex or at points of fracture of Planktothrix sp. trichomes. Sporangia were formed at the same locations. The simultaneous encystment of multiple zoospores at one site and the occurrence of multiple sporangia per host filament suggested infection of host trichomes by several parasite individuals. The rhizoids could be best seen in partially decomposed Planktothrix sp. filaments and pervaded several host cells. The effect of chytrid parasitism on Planktothrix sp. strains NIVA-CYA98 and NIVA-CYA634, used for routine maintenance of Chy-Kol2008 and Chy-Lys2009, respectively, was disastrous. During the first days after inoculation of a fresh host culture, encysted fungal zoospores and sporangia were observed in increasing numbers. Infected filaments fragmented rapidly, providing new sites for zoospore encystment. After a few days, the entire host culture was overrun by fungal zoospores. Host cultures were completely lysed within days (for NIVA-CYA634 when it was infected with Chy-Lys2009) or a few weeks (for NIVA-CYA98 when it was infected with ChyKol2008). Phylogenetic analysis of chytrid strains Chy-Lys2009 and Chy-Kol2008. Analysis of Chy-Lys2009 DNA from two replicates each of zoospores and infected host biomass yielded identical sequences for both the ITS and the 28S regions, suggesting that Chy-Lys2009 represented a single rRNA genotype. The same was found for Chy-Kol2008. The sequence identities between Chy-Kol2008 and Chy-Lys2009 were 98.2% in the 28S region and 86.2% in the ITS region.
To classify our chytrid strains relative to the current taxonomy of the chytrid order Rhizophydiales, the 28S sequences from Chy-Lys2009 and Chy-Kol2008 were aligned with 103 chytrid sequences of Rhizophydiales identified by a BLAST search. The alignment had 865 characters and 323 variable sites (75 singletons). The aligned ITS data included 17 sequences and had 742 characters with 272 variable characters (23 singletons). For both rRNA regions, the neighbor-joining method clustered Chy-Kol2008 and Chy-Lys2009 together in one clade with 100% bootstrap support (see Fig. S2 in the supplemental material). This clade was placed within the recently described Rhizophydiales family Angulomycetaceae (26) with 80% (28S) and 62% (ITS) bootstrap support. The morphology of Chy-Kol2008 and Chy-Lys2009 was consistent with that of members of the family Angulomycetaceae.
Infection experiments with Planktothrix sp. Seven days after addition of chytrid zoospores, the condition of the Planktothrix sp. ranged from healthy without signs of infection to completely lysed with numerous fungal sporangia present. The severity of infection was correlated to the cellular composition of oligopeptides; i.e., the effect of Chy-Lys2009 and ChyKol2008 on Planktothrix sp. was chemotype dependent (r ϭ 0.47, P Ͻ 0.001) (Fig. 2) . When each structural class of oligopeptides is considered individually, the correlation between the severity of infection and the occurrence of oligopeptides was best for the cyanopeptolin class (r ϭ 0.56, P Ͻ 0.001), followed by anabaenopeptins (r ϭ 0.40, P Ͻ 0.001), microcystins (r ϭ 0.36, P Ͻ 0.001), microviridins (r ϭ 0.27, P ϭ 0.002), and aeruginosins (r ϭ 0.16, P ϭ 0.014). No such correlation was found for oscillaginins and oscillatorin. The effects of ChyLys2009 and Chy-Kol2008 on Planktothrix sp. strains were uncorrelated (r ϭ 0, P ϭ 0.541); i.e., the two chytrid strains had different chemotype preferences. The infectious capability of chytrid strain Chy-Lys2009 was highest for Planktothrix sp. chemotypes Cht5, Cht7a, Cht7b, Cht7d, and Cht7e. Cht1 was infected to some extent, while Cht7c and Cht9 were nearly or actually resistant to Chy-Lys2009. Chytrid strain Chy-Kol2008 efficiently infected Planktothrix sp. chemotypes Cht1, Cht5, Cht7d, and Cht7e. Cht9 was infected to some extent, and Cht7a to Cht7c were resistant to Chy-Kol2008.
Infection experiments with cyanobacteria other than Planktothrix sp. Chytrid strains Chy-Lys2009 and Chy-Kol2008 failed to infect any of the 15 Anabaena, Aphanizomenon, and Tychonema species considered in this study. The positive controls showed, as expected, severe chytrid infection.
Test for co-occurrence of chytrid fungi with distinct chemotype preferences in nature. The Chy-Lys2009 and Chy-Kol2008 ITS genotypes co-occurred in a sample that was collected from Lake Steinsfjorden on 12 July 1999. The Chy-Lys2009 ITS genotype was also detected on all other sampling dates (31 July 1997, 17 September 1997, 17 March 1998, 17 August 1998, 28 July 1998). The melting temperature curves for the ChyLys2009 PCR product were identical for all samples and differed from those for Chy-Kol2008.
DISCUSSION
Results of the present study identify chytrid fungi infecting Planktothrix sp. to be highly potent and specialized parasites with chemotype-dependent infectiousness. They possess all properties required to inflict significant mortality on host populations, which is in good agreement with previous field observations (8, 11) . Chytrid fungi may exert strong selective pressure on Planktothrix sp. that may lead to reciprocal adaptation. According to the red queen hypothesis, exposure to parasites with narrow host ranges may select for an increase in host diversity (5, 12, 19) . The population subdivision into coexisting Planktothrix sp. chemotypes in the presence of fungal parasites with chemotype-dependent infectiousness is compatible with this idea.
The kill-the-winner concept of Thingstad and Lignell (46) provides another hypothesis regarding the subdivision of Planktothrix sp. populations. Originally developed to describe interrelations of viruses and bacteria, the concept suggests that parasites maintain or increase host diversity by infecting mostly the host with the highest abundance, i.e., the winner of an ongoing competition for resources. This forces competing hosts into coexistence. Adapted to the chemotype-dependent chytrid parasitism on Planktothrix sp. and given the co-occurrence of chytrid fungi with distinct chemotype preferences, the kill-the-winner concept predicts the coexistence of multiple Planktothrix sp. chemotypes competing for the same growth resources. It also foresees periodic shifts in the relative chemotype composition. These predictions are in agreement with field observations in Scandinavia (35, 36) and Central Europe (48) .
Host diversification may have different effects on parasites. They may be forced into a generalist strategy where exploitation of the host is suboptimal (52), or they may become diversified themselves. Our results suggest that the latter may have occurred in the chytrid-Planktothrix sp. relationship. The chytrid strains Chy-Lys2009 and Chy-Kol2008 were found to be specialists with distinct chemotype preferences. An analysis of field material suggests that Chy-Lys2009 and Chy-Kol2008 or FIG. 2 . Infection intensity in Planktothrix sp. strains representing chemotypes Cht1, Cht5, Cht7a to Cht7e, and Cht9 exposed to chytrid strains Chy-Lys2009 and Chy-Kol2008 for 7 days. Intensity was measured according to the following scale: 0, no sporangia, no active zoospores, 1, up to 10% of host filaments with sporangia, active zoospores present; 2, 10 to 50% of host filaments with sporangia, active zoospores present; 3, 50 to 90% of host filaments with sporangia, active zoospores present; 4, 90 to 100% of host filaments with sporangia, active zoospores present; 5, final stage of infection, most host filaments disintegrated, numerous sporangia visible, and active zoospores present or absent. Each column represents the mean value of tree replicates with the respective standard deviation.
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IMPLICATIONS OF CHYTRID PARASITISM FOR PLANKTOTHRIX 1349 related strains co-occurred in Norwegian Lake Steinsfjorden along with at least three Planktothrix sp. chemotypes. This situation is consistent with a scenario where Planktothrix population subdivision leads to polymorphism in parasitic chytrid fungi.
In an earlier study, we identified gene flow between Planktothrix sp. populations in southeastern Norway (36) . Here we found indications for the same process in their chytrid parasites. Chy-Lys2009 and Chy-Kol2008 were originally isolated from two lakes in southeastern Norway (Lake Lyseren and Lake Kolbotnvatnet). Genetic data suggest that the two studied chytrids or closely related strains also occur in Lake Steinsfjorden. The easiest way to explain this redetection in different water bodies is to assume a gene flow between chytrid populations in southeastern Norway. Moreover, the detection of the Chy-Lys2009 rRNA ITS genotype in all Planktothrix sp. samples taken from Lake Steinsfjorden during a 3-year period points to an omnipresence of parasitic chytrid fungi in nature. Both similar patterns of dispersal of a Planktothrix sp. and its chytrid parasites and the presumed omnipresence of parasitic chytrid fungi during times of Planktothrix sp. dominance suggest a close ecological and evolutionary relationship between host and parasite in nature.
The function of cyanobacterial oligopeptides to their producers is, despite many suggestions, still ambiguous. It has often been proposed that these substances may be allelochemicals (2, 9) . Some oligopeptides are acutely toxic to grazers of cyanobacteria (6, 27) . Since oligopeptides, once synthesized, remain largely intracellular (51), this toxic effect on grazers requires ingestion and digestion of the oligopeptide-producing cells. Moreover, there seems to be no mechanism signaling the presence of toxins to the surrounding environment, and so toxin-containing and toxin-lacking cyanobacterial cells are ingested at similar rates (34) . It is therefore doubtful that the toxic effect on grazers attacking from outside the cells is of adaptive value to cyanobacteria, while it may well have secondary effects throughout the aquatic community.
The situation may be different for parasites attacking cyanobacterial cells at least partially from the inside. In this case, oligopeptide production may either stop or slow infection before a host cell is irreversibility harmed, thereby increasing the fitness of this cell. Parasitic chytrid fungi, for instance, use intracellular rhizoids that probably excrete lytic enzymes to extract nutrients from the host and to penetrate its cell walls. In Planktothrix sp., it seems almost inevitable that these processes are disturbed by oligopeptides with protease inhibition capacity, including aeruginosins, anabaenopeptins, cyanopeptolins, microviridins, and oscillaginins (37) . Correlations between the occurrence of some of these compounds in Planktothrix sp. and susceptibility to chytrid strains Chy-Kol2008 and Chy-Lys2009 ( Fig. 1 and 2 ) are in agreement with a link between protease inhibitors and the antichytrid defense of Planktothrix sp. The cyanopeptolins in particular seem to be promising candidates for antichytrid agents. It must be underlined here that the present study considered oligopeptide occurrence only. Strains representing the same chemotype can differ to some extent in the cellular oligopeptide concentration and the relative abundance of individual oligopeptides (35) . Our findings concerning the correlation between the strength of chytrid infection and oligopeptide composition are therefore somewhat preliminary. A role of protease inhibitors in antiparasite defense of Planktothrix sp. is also supported by the wide distribution of similar defense systems in plants (22) and the presumed participation of protease inhibitors in antichytrid defense of the crawfish frog (Rana areolata) (1) .
An antiparasite defense that is based on protease inhibitors usually leads to a coevolutionary arms race (10, 22) . It may also be prone to antagonistic pleiotropy; i.e., the production of protease inhibitors may cause resistance to a parasite but at the cost of interference with the host's own metabolism. Here it is important to note that cyanobacterial protease inhibitors can indeed inhibit cyanobacterial proteases (16) . Antagonistic pleiotropy may lead to polymorphism in the host population (7) . At the same time, antagonistic pleiotropy is under strong stabilizing selection (30) , conserving alleles that balance the benefits and costs of an adaptation. The same combination of diversifying and stabilizing selective forces also acts on the Planktothrix sp. gene cluster encoding protease inhibitors of the cyanopeptolin class (39) . This combination of selective forces may also explain why Planktothrix sp. populations in southeastern Norway consist of well-delimited chemotypes, which are stable over decades (36) . However, despite the above considerations, an involvement of oligopeptide protease inhibitors in defense against parasites remains a hypothesis to be tested in future experiments. Differences in susceptibility of Planktothrix sp. chemotypes to chytrid parasitism may be due to differences in oligopeptide composition, or they may have their cause in a correlation between a yet unknown factor and the oligopeptide fingerprint of Planktothrix sp.
In summary, we propose parasitic chytrid fungi to be one potential driving force of Planktothrix sp. population subdivision and chemotype dynamics. As shown above, this hypothesis is in agreement with established models on host-parasite interactions. It also provides possible explanations for the coexistence of distinct chemotypes in Planktothrix sp. populations, the stability of chemotypes over decades, the occurrence of periodic shifts in the relative chemotype composition, and the lack of a correlation between abiotic environmental conditions and chemotype distribution and dynamics in lakes in Scandinavia and Finland. We also propose that the subdivision of Planktothrix sp. populations into chemotypes may exert diversifying selective pressure on their chytrid parasites. We underline that the above propositions are mainly based on results of laboratory experiments that require validation under field conditions.
